ABSTRACT
INTRODUCTION
Due to high demand of energy while decreasing of common fuels such as coal and oil, alternative fuel became an interesting idea. Hydrogen is one of the promising fuels because of zero-emission of greenhouse gases. It can be produced from cheap and abundant sources like organic waste or wastewater by means of biological fermentation, photo and/or dark fermentation, which only hydrogen fuel production, but this process also helps wastewater treatment. Dark fermentation has advantages over photo fermentation since it allows smaller operational space and wider usage of substrates and microbial species, even mixed culture. Substrates for biological fermentation were reported using carbohydrate-rich waste/ wastewater such as food waste, starch waste/ wastewater [1] . There are many parameters affect hydrogen yield. However, the important ones are initial pH and operational temperature, since it directly influence bacterial growth, metabolic pathways and dominant species [2] . Moreover, there were reports about using iron and cell immobilization to increase hydrogen yield. Iron could improve hydrogenase enzyme activity, which involve in hydrogen formation, as a component on active site of the enzyme [3] . Immobilization of bacteria on supporting materials helps improve hydrogen productivity by acclimatization of microbes, decreasing lag phase of bacterial cultivation [4] , and increasing density of consortia [5] . There were many reports of using synthetic materials but fewer publications studied about biological supporting materials (BM). Consequently, this research was focused on the identification of optimal environment for anaerobic dark fermentation of starch-processing wastewater (initial pH, temperature, and iron concentration) and comparison of the enhancement after using biological supporting materials both from animals and plants as well as identify microbial morphology and population of dominant hydrogen producers.
MATERIALS AND METHODS

Preparation of Feedstock and Biological Supporting Materials
Starch processing wastewater was from starch producing factory by a water sampler (grab sampling method) where was located in Nakhonpathom province, Thailand. Starch processing wastewater was used as substrate for fermentative hydrogen production. The physical and chemical characteristics of starch processing wastewater were pH 5, COD 2,000 mg/L, TKN 308 mg/L, TS 36,460 mg/L and Total iron 0.20 mg/L [6] . Anaerobic sludge was taken from the Bio-fertilizer plant, Nonthaburi province, Thailand. Studied biological supporting materials (BM) were loofa sponge (LS) from plants and silk cocoon (SC) from animals (Bombyx mori). They were tested for acid tolerance (pH 4.0) and cell immobilization. The amount of immobilized biomass per gram of BM was determined by measuring the difference in dry weights of BM before and after the immobilization and divide by gram of dry weight of added BM. Moreover, they were minimized into size of 0.5-1.0 cm and shaped into rectangular, parallelepiped or triangular. Characteristics of LS and SC are displayed in Table 1 . [7] . The solution was purged with nitrogen gas to create anaerobic condition. The optimal fermentation condition was studied from variation of initial pH (4.0, 5.0, 6.0, 7.0, and 8.0) adjusted by 6.0 M H 2 SO 4 and 1.0 M KOH, temperature (mesophilic, 35±2°C and thermophlic, 55±2°C) controlled using water bath, initial iron concentration (200, 400, 600, 800, 1000 mg Fe/L) in form of Iron (II) sulphate (FeSO 4 ), and BM concentration (0, 5, 10, 15, and 20 % (V/V)). BM which obtained the maximum hydrogen yield in each group (plant and animal) was selected to be a representative of its group and to compare with another group.
Analytical Method
Composition of produced biogas (H 2 , CO 2 , and CH 4 ) were daily monitored and analyzed by using gas chromatography (GC) (Varian STAR 3400, US) equipped with thermal conductivity detector. Chromatography column made of stainless-steel was packed (Alltech Molesieve 5A 80/100 10'x 1/8"). Carrier gases were Argon (Ar) for hydrogen and methane analysis, and helium for CO 2 analysis [8] . The temperatures of injector, detector and column were stably operated at 80°C, 90°C and 50°C respectively. Gas volume was daily measured using glass syringe [9] . pH was daily monitored using pH strips and concentration of volatile fatty acid or VFA (acetic, propionic and butyric acids) was observed before and after the fermentation. The products were sampled for 5 mL using syringe, and centrifuged at 10,000 rpm for 2 minutes (min) to separate solid remaining in the sampled solution. Then, the concentration of liquid product was measured by a gas chromatographyflame ionization detector (GC-FID), equiped with TG-WAXMS A column. The carrier gas was helium with a flow rate at 3 mL/min. The operating temperature of injector and detector were 230°C and 250°C, respectively. The temperature of oven was 50°C for 2 minutes then increasing to 230°C by rate of 50°C per minute. After that the temperature was controlled to stay at 230°C for 3 minutes. Chemical oxygen demand (COD) of wastewater was investigated after the fermentation according to identify performance in terms of wastewater treatment [6] . Hydrogen gas production was calculated from headspace measurements and the total volume of biogas produced for each time interval according from equation presented [10] .
H i
While V H,i and V H,i-1 are cumulative hydrogen gas volumes at the current (i) and previous (i-1) time interval, respectively, V G,i and V G,i-1 are the total biogas volumes in the current and previous time intervals, C H,i and C H,i-1 are the fraction of hydrogen gas in the headspace of the bottle measured by means of gas chromatography in the current and next time intervals, and VH is the total volume of headspace in the reactor.
Cumulative hydrogen gas volume was calculated by using modified Gompertz equation [10] .
H t H ax exp -exp ax e H ax -t 1 (Eq 2)
While H(t) is cumulative hydrogen production (mL). H max and R max are maximum volume of hydrogen production potential (mL) and maximum hydrogen rate (mL/h), respectively. is lag phase (h), t stands for time (h), e equals to 2.71828. Following statistical tools were used mean (X), standard deviation (SD) and percentage to explain (a) difference of the cumulative hydrogen production (ml) by time (day) at various pH, temperature and iron concentration (b) difference of the VFAs (mg/L) before and after the fermentation at various mentioned conditions and (c) microbial population between BM with produced highest and lowest hydrogen production. Microsoft Excel 2010 supported for statistic calculation.
Cell Morphology and Bioinformatics Analysis
The cell morphology and microbial community was determined using scanning electron microscope or SEM [11] , 16S rRNA fluorescence in situ hybridization or FISH [12] , and 16S rDNA sequence analysis. The specimens were collected from the day that obtained highest production of hydrogen and prepared as following. SEM: The BMs were pre-fixed with 2.5% gluteraldehyde for 24 hours and washed with 0.1 M phosphate buffer (pH 7.2-7.4) 3 times for 10 minutes each. After that, the fixed samples were post-fixed with 1-2% osmium tetraoxide (OsO4) for 1-2 hours, and washed with distilled water 3 times for 10-30 minutes each. Then they were dehydrated with series of ethanol 20, 40, 60, 80, 95, 95, 95%, respectively, for 10-30 minutes each, and dried with critical point dryer for 30 minutes. The samples were coated with gold and monitored in SEM (JEOL, JSM-5600LV) 16S rDNA amplification and sequence analysis: 16S rDNA analysis was studied using next generation sequencing (NGS). 16S rDNA was extracted as follow. Microorganisms on BMs were collected by submerging BMs in 1x Phosphate buffer saline (PBS) and spinning using vortex to detach the cell on them. The detached cells were fixed with 4% formaldehyde in 1X PBS for 24 hours then washed 3 times with 1x PBS for 15 minutes each. After washing, 1:1 PBS:ethanol solution was added and the samples were stored at -20 °C for next usage. The detached cells were extracted for their DNA by following a PCR cleanup protocol in GenepHlow Gel/PCR Kit (Geneaid, Taiwan). The extracted DNA sample was processed and analyzed at BGI Co., Ltd (Hongkong, China). For amplification, the extracted DNA samples were amplified the 16s rRNA gene by Polymerase Chain eaction (PC ) with the pri ers 341F (5'-CCTACGGGNGGCWGCAG-3') and 802 (5'-TACNVGGGTATCTAATCC-3') [13] . The jagged ends of DNA fragment would be converted into blunt ends by using T4 DNA polymerase, Klenow Fragment and T4 Polynucleotide Kinase. Then add an 'A' base to each 3' end to make it easier to add adapters. After all that, too short fragments would be removed by Ampure beads. Then paired-end reads with overlap were merged to tags, and the tags were clustered to Operational Taxonomic Unit (OUT) at 97% sequence similarity by scripts of software USEARCH (v7.0.1090) [14] . Taxonomic ranks were assigned to OTU representative sequence using Ribosomal Database Project (RDP) Na,e Bayesian Classifier v.2.2. The RDP was examined with a corpus of 23,095 rRNA sequences as provided by the National Center for Biotechnology Information (NCBI) [15] . At last, alpha diversity, beta diversity and the different species screening were analyzed based on OTU and taxonomic ranks. Paired-end reads were generated with Illumina HiSeq/MiSeq platform, and then the reads with sequencing adapters, N base, poly base, low quality etc were filtered out with default parameters. Average reads length was 460 base pairs.
FISH:
The detached cells (5 µL) were spotted on gelatin-coated fourteen-field glass slides and air dried at 37°C for 10 min. Then they were dehydrated with 50, 80, and 95% ethanol, respectively, for 3 minutes each, and air dried at room temperature. The probe pB196 (5'-CGG AAG ATT CCC TAC TGC -3') fluorescently labelled with hydrophilic sulfoindocyanine dye CY3 was used to target Firmicute phylum [16] . 50 µL of reaction buffer was added on each sample spot. The buffer contained the probe and hybridization buffer at ratio 1:9. The hybridization buffer consisted of 0.9 M NaCl, 0.01% SDS, and 20 mM Tris-Hcl (pH 7.2). A process was operated in a water-saturated equilibration chamber at 46°C for 60 minutes then washed with a washing buffer at 48°C for 60 minutes. The washing buffer contained 0.9 M NaCl, 0.01% SDS, and 20 mM Tris-Hcl (pH 7.2), and was removed by rinsing with distilled water. The cells were counter-stained with 300nM DAPI for 50 µL on each sample spot and leaved in humid chamber for 15 minutes. Washed a trace of the stain with distilled water and protected a de-colorization with anti-fade solution on each sample spot, then covered with a cover slide. Fluorescence image was detected with a confocal laser scanning microscope (Olympus, FLUOVIEW FV10i, US). For counting of bacteria, at least 4 slides for each sample, and at least 10 fields were counted for each slide. The average number of bacteria was taken.
RESULTS AND DISCUSSION
Optimal temperature and initial pH Hydrogen production and VFA concentrations in thermophilic temperature was found 2-folded higher than mesophilic temperature (Table 2 ). This may be a result of lower solubility of hydrogen gas when increasing of temperature [17] . Re-oxidation of reduced ferredoxin (Fd), which generating hydrogen, by microbes was less preferable when higher concentration of dissolved hydrogen. Moreover, thermophilic temperature could improve degradation of substrate [18] . Highest hydrogen generation was obtained at initial pH 7.0 -8.0, so neutral and slightly basic conditions were more preferable for fermentative hydrogen production in this study. Although, acetic acid (HAc) and butyric acid (HBu) was produced lower than the acidic condition, no detection of propionic acid (HPr) observed. HPr production process may consume hydrogen (Eq 1) [19] . Under neutral or slightly basic initial pH condition, the possible hydrogen consumption was lower that acidic condition hence higher hydrogen yield.
C 6 H 12 6 2H 2 2CH 3 CH 2 C H 2H 2 (Eq 1)
Moreover, the substrate was possibly converted to acetate without hydrogen generation such as Eq 2 [20] . Not only acetate and butyrate pathways, but hydrogen may also be produced via other pathway, pyruvate-formate lyase (PFL), which generating formic acid (HCOOH). HCOOH can convert to hydrogen and carbon dioxide (Eq 3 and 4) [21] . PFL pathway was favors neutral pH [22] .
2C 6 In addition, it was also found that initial pH influenced to the beginning of hydrogen evolution time. Lag phase of 8 hours observed when initial pH 4.0-6.0 and increased to 12 hours at initial pH 8.0. Longer of lag time indicated that microbes need more time for adaptation into new environment [23] . Similar trend of increasing of lag phase from initial pH 6.0-8.0 was also observed in publications. Longer lag phase was increasing initial pH from 6.0 to 8.0 in anaerobic fermentation of starch and glucose [24] . Nevertheless, optimal initial pH and operational temperature for biohydrogen production were reported various values. This may primarily result from dissimilarity of dominant microbial species in mixed culture and their sources [25] . Besides, the dominant species may possibly deviate under different operational environments. Consequently, optimal initial pH and temperature that gave highest hydrogen yield (37.59 mL H 2 /g COD) in this work were pH 7.0 and thermophilic condition.
Optimal iron concentration
External addition of iron (Fe) obtained 2-3 folded higher of hydrogen yield than no iron addition (Table 3) . Hydrogen yield increased when increasing initial iron concentration from 0 to 400 mg Fe/L, but slightly declined at 600 mg Fe/L. Maximum hydrogen yield of 61.76 mL/g COD was found at initial iron concentration of 800 mg Fe/L, and dropped at 1000 mg Fe/L. Since iron is a key component in hydrogenase enzyme which responsible for hydrogen generation. Increasing of iron can enhance hydrogenase activity and hydrogen production. However, too much iron may be toxic for hydrogen-producing bacteria. Many publications also reported decreasing of hydrogen yield when using initial iron concentration more than 1000 mg Fe/L [26] . Therefore, it may estimate that initial iron concentration of 1000 mg Fe/L or more may be an iron toxicity limitation to hydrogen-producing microbes. Nevertheless, many publications informed different optimal initial iron concentration. Some works reported highest hydrogen production at initial iron concentration lower than 100 mg Fe/L [27] , while some studies obtained maximum yield at initial iron concentration higher than 300 mg/L [28] . Possible reasons may become from different substrate, source of microbes and/or dominant species, operated conditions. Accordingly, optimal iron concentration should be studied hinging on situation. In this study, optimal initial iron concentration that produced maximum hydrogen yield in present study was 800 mg Fe/L.
Optimal BM concentration
Addition of BM could enhance hydrogen yield. Maximum hydrogen production of 28.43 and 24.26 mL/gCOD was observed at 5% (V/V) of LS and SC (Table 4) , respectively. However, in SC, there was not much difference between the control and 5% (V/V) BM insertion. Furthermore, hydrogen yield decreased when increasing of BM concentration which may cause from restriction of flow area in the fermentation system [29] and/or decreasing of void space for bacterial growth [30] . Thereby, optimal concentration of LS (plant) and SC (animal) for hydrogen production in this study were both 5% (V/V).
Comparison of BM from plant and animal
LS and SC at 5% BM concentration were repeatedly compared for its hydrogen production enhancement. When adding loofa sponge hydrogen yield was 28.43 mL/g COD, while hydrogen yield was 24.26 mL/g COD when using silk cocoon. According to Table 2 , total surface area of LS and SC at 5% (V/V) could be calculated and they were 70.43 and 558.14 m 2 , respectively. The cell immobilization of LS and SC was 0.080 and 0.031 mg/g BM, respectively. This result showed that loofa sponge had lower total surface area but higher cell immobilization and hydrogen production yield. The higher cell immobilization may cause from larger pore diameter of loofa sponge (25.290 °A) . (Pore diameter of cocoon was 18.710 °A). The higher porosity spaced void for growth of microorganisms was reported by previous study [30] . Thereby, microbes possibly preferred growing on loofa sponge which gave higher hydrogen production and rate. In addition, high surface area may not result to high cell immobilization and hydrogen production, if there was low void space for the growth of microorganisms. Thus, the surface area, pore diameter and cell immobilization should be considered together. Consequently, BM from plant (loofa sponge) was able to improve hydrogen production than BM from animal (silk cocoon). (Figure 1) . B. cereus is gram-positve, facultatively anaerobic, spore-formimg, and rod-shape microbes [31] . Zhang et al (2014) reported that B. cereus is a hydrogen producer which efficiently using substrate such as starch and starch wastewater to produce hydrogen [32] . Results of SEM image are illustrated as in Figure 2 (Top row is LS and bottom row is SC). Microorganisms that found on surface of the BM were mostly rod shape which confirmed the bioinformatics results. Moreover, fluorescence images ( Figure 3 ) also confirmed observation of the same shape and range size of microbes. Most of cells showed violet color which meant those cells both detected using universal and pB196 probe which targeted all microorganisms and specified only Firmicutes phylum, respectively. Lower intensity of detected was possibly because of low RNA content in the cell. Metabolically less active or inactive cells may contain low RNA content than the active one since they are in the rest state or lowering their reproduction 33-35°C. 
CONCLUSIONS
An optimal fermentation condition that obtain highest yield for biohydrogen production from starch processing wastewater in this study was initial pH 7.0, thermophilic temperature range, and initial iron concentration 800 mg Fe/L. However, optimal operational value should be consider under circumstances because different parameters, for example source of substrate, source of microbial seed, dominant species in the cultures and so on, may prefer dissimilar environmental conditions. Besides too high iron concentration would harm the microbes and lower the hydrogen production. Furthermore, cell immobilization by addition of biomaterials (BM) could improve hydrogen yield by 2 folded comparing to the non-addition. BM from plants (loofa sponge) was found producing higher yield than that from animals (silk cocoon), and optimal concentration of BM was 5% (V/V). Decreasing of hydrogen yield observed when increasing BM concentration since too high BM concentration may lower space for microbial growth and limit the circulation of the fermentation liquid. On BM from the optimal concentration and fermentation condition, it was mostly found rod-shaped, size range of 1-5 μm, Firmicutes phylum, Bacillus cereus with population of 47% of all specie detected. This specie was also reported as efficient starch-utilizing hydrogen producers.
